Abstract A very severe cyclonic storm ''Aila'' hit West Bengal on 26 May 2009. The storm intensified when it encountered with a warm core (SST = 31°C) anti-cyclonic eddy (ACE4) in the north Bay of Bengal. The storm intensity increased by 43% due to this eddy, which is comparable with that (34%) obtained from a best fit line (derived from several numerical experiments over north-west Pacific Ocean). The shallow mixed layer of the large-scale ocean and deep mixed layer inside the eddy appear to be crucial parameters besides translation speed of the storm (Uh), ambient relative humidity and thermal stratification below mixed layer, in the storm intensification. From the eddy size and Uh, the eddy feedback factor is found to be about 0.4 (i.e. 40%), which is close to the above. Since there exists an inverse relationship between Uh and UOHC (upper ocean heat content), slow (fast) moving storms require high (low) UOHC. The warm ACE4 with a high UOHC of 149 kj/cm 2 (300% higher than the climatological value) and deep warm layer (D26 = 126 m) opposes the cooling induced by the storm and helps for the intensification of the storm through the supply of large enthalpy (latent ? sensible) flux.
Introduction
It is a well-known fact that the frequency of cyclones is 3-4 times higher over Bay of Bengal compared with the Arabian Sea. Most of these storms generally move in westnorth-westerly direction and some take recurve and hit Bangladesh. Studies on hurricanes (Opal, 1995; Mitch, 1998; Bret, 1998) in the Atlantic and super typhoon (Maemi, 2003) in the north-west Pacific Ocean showed that the storms intensified when they moved over warm eddies (Shay et al. 2000; Goni and Trinanes 2003; Lin et al. 2005 Lin et al. , 2009a Wu et al. 2007 ). Hurricane Katrina intensified from category 1-5 while passing over warm loop current (Scharroo et al. 2005) . Maemi intensified by 138% when it encountered with a warm eddy. It was found that the models underestimate the intensity of storms by 26-30% when the eddies are not considered (Lin et al. 2005) . Relationships between translation speed of the storm (Uh) and upper ocean heat content (UOHC)/depth of 26°C isotherm (D26) using extensive data sets in the eddies were proposed for north-western Pacific Ocean. An inverse relationship (Uh = -0.05*UOHC ? 9.4) was shown between Uh and UOHC. This shows that slow moving storms (Uh = 2-3 m/s) require high UOHC (115-125 kj/cm 2 ) and D26 (115-120 m). The fast moving storms (Uh = 7-8 m/s) sustain at lower UOHC (65-70 kj/cm 2 ) and D26 (60-70 m) (Lin et al. 2009a) . Recently, Sadhuram et al. (2010) reported a similar relationship (Uh = -0.03*UOHC ? 6.1) using the data for 13 cyclones during 1990-2006 over Bay of Bengal. This was tested for Sidr and Nargis, and there was a good agreement between the observed and estimated values of Uh. They have also discussed the importance of UOHC in the intensification of the above two severe cyclones (Sidr and Nargis). Now it is realized that the warm SST may not be sufficient for the intensification of a storm without deeper warm layer (MLD/D26) and high UOHC which is normally possible in warm eddies. Wu et al. (2007) studied the role of eddies through numerical experiments for north-west Pacific Ocean and suggested a best fit line with eight parameters [viz; sea surface temperature inside eddy (SST eddy ); SST of large-scale ocean; mixed layer of the large-scale ocean (MLD) and inside the eddy (MLD eddy ); ambient relative humidity (R.H.), storm size, stratification below mixed layer (C), and the translation speed of the storm (Uh)] and found a very high correlation (=0.97) with model results. Rapid intensification of Nargis over warm ocean region was observed due to high enthalpy flux (latent ? sensible) (300% higher than climatological) and UOHC (77-105 kj/cm 2 ) (Lin et al. 2009b) . Hence, monitoring of eddies, upper thermal structure of the ocean (through MLD/D26) and areas of high UOHC gained importance in forecasting the intensity of storms.
Even though Bay of Bengal is well known for eddies (Ali et al. 1998; Gopalan et al. 2000) , the role of these eddies in the intensification of storms is not clearly known. Sadhuram et al. (2004) studied the variability of UOHC (it was termed as 'cyclone heat potential') and found that it was more than 58 kj/cm 2 in the Andaman sea, central and southern Bay of Bengal where the cyclones frequently generate and intensify during the post-monsoon season (October-November). Simple relationships to estimate D26 and UOHC from sea surface height Anomalies (SSHA) have been suggested for Bay of Bengal. It was found that the method suggested by Shay et al. (2000) underestimate UOHC in anticyclonic eddy (ACE) in the Bay of Bengal (Sadhuram et al. 2006) . Importance of the meso scale eddies in the distribution of UOHC are very sparse in Bay of Bengal. The role of SSHA and eddies in the intensity of cyclones in Bay of Bengal had been discussed by Ali et al. (2007) . Many studies (Lin et al. 2005 (Lin et al. , 2009a Wu et al. 2007 ) over the northwest Pacific Ocean brought out the vital role of UOHC and warm eddies in the intensity and movement of severe cyclones.
Using the in situ CTD measurements from the research vessel, UOHC and D26 are estimated for a few eddies (except ACE3 and ACE4) in Bay of Bengal. The locations of the eddies along with the details of CTD data collection are shown in Fig. 1 . There were only four ACEs and six CEs. Argo data on 22 and 23 May 2009 are used to estimate D26 and UOHC in ACE3 while no data are available for ACE4. Though CE3 and CE6 are located at the same place, UOHC is almost double in CE6 compared with that in CE3. This was due to the fact that CE3 was present in southwest monsoon season (July, 2001) while CE6 was in the pre-monsoon season (April, 2003) . Thus, it could be inferred that both the quantities (UOHC and D26) are highly variable with CE and ACE. The average UOHC of all ACEs (ACE1, ACE2 and ACE3) is 118 kj/cm 2 while the average for all CEs (CE1-CE6) is only 35 kj/cm 2 . Similarly, the average D26 is 107 and 37 m for ACEs and CEs, respectively. This shows that both the quantities are almost 3 times higher in ACE compared with that in CE ( Fig. 1 ; Table 1 ). When a storm moves over ACE, it is likely to intensify and weakens if it moves over a CE. It is known that these eddies are highly variable with space and time. There were some occasions where the storm is expected to intensify but weakens over the sea (due to a cold core CE) before crossing the coast. Since not much attention is paid towards these eddies, people expect that the storm will intensify further and cross the coast. Accordingly, an alert will be given to public. Thus, there is a possibility for wrong forecast.
A low-pressure area was developed in the southern Bay of Bengal on 22 May 2009 with a sea level pressure of 1007 hPa. It intensified to a cyclonic storm ''Aila'' and further intensified as severe cyclonic storm and crossed west Bengal on 26 May 2009 with a storm surge of about 2-3 m height. This severe storm affected west Bengal and Bangladesh. About 110 people were killed and 2.2 million people were affected. A record rainfall of 260 mm was observed at Paradeep, Orissa (www.imd.gov.in).
In this, we have studied the effect of a warm core ACE in the intensification of ''Aila'', which has not been attempted earlier. Details of data sets and methods are presented in Sect. 2. Results and discussion in Sect. 3 and conclusions in Sect. 4 are presented. The eddy feedback factor, F EDDY-T , is defined as
where Dp in (Dp out ) is the amount of sea level central pressure deepening at the moment when the storm encounters (leaves) the ocean eddy. The subscript ''-T'' indicates that the TC only passes an ocean eddy for a finite (transient) period. Likewise, F EDDY-T could be positive (warm eddy) or negative (cold eddy). From the observed central pressure of the storm, F eddy-T is found to be 0.43. In other words, the intensity of the storm enhanced by 43% due to this ACE. After conducting several numerical experiments over north-west Pacific Ocean, Wu et al. (2007) suggested a best fit line with eight parameters (given in Sect. 1) and a very high correlation (0.97) was found between the model results and the following Eq. (2). where SST and mixed layer (ML) represent large-scale Steady Ocean. SST eddy and ML eddy are inside the eddy, g is the storm size, RH is ambient relative humidity, C is the thermal stratification below mixed layer and Uh is the translation speed (m/s) of the storm.
Results and discussion
The distribution of SSHA during 22-24 May 2009 in the Bay of Bengal is shown in Fig. 2 . A warm core eddy (ACE4 in Fig. 2 Unfortunately, no data is available to obtain the ML eddy in ACE4. An earlier study (Murthy et al. 2000) reported a mixed layer of 56 m inside ACE1 at 15 o N; 88 o E (shown in Fig. 1 ) during the end of May 1996 from the CTD data. SSHA was about 23-26 cm which is close to that observed (25 cm) in the present eddy (Fig. 2) . Hence, mixed layer inside the eddy (ML eddy ) is assumed as 56 m. From the sub surface temperature data from Argo float on 23 May 2009, MLD is found to be 55 m in the ACE3 in SW Bay of Bengal ( Fig. 2c ; Table 2 ). Thus, it appears to be reasonable to assume ML eddy as 56 m in ACE4. The ambient relative humidity (RH) is taken as 83% (daily average at the RAMA buoy) during 22-24 May 2009. Average translation speed of the storm (Uh) is estimated as 4.0 m/s over the eddy. Using these data, the eddy feedback factor F eddy-T is found to be 0.34, which is close to the observed (0.43) from Eq. (1) ( Table 3 ). It appears that the best fit line suggested by Wu et al. (2007) , based on several numerical experiments relevant to north-west Pacific Ocean, may be valid for Bay of Bengal. The eddy feedback is positive (negative) for warm (cold) eddy. As this factor depends on Uh, the size of the eddy also plays a role due to the interaction time scale of the eddy and storm. MLD and MLD eddy appear to play an important role in storm intensification, in addition to ambient RH, Uh and C. The importance of shallow mixed layer, salinity and effective oceanic layer (EOL) in the intensification and movement of storms (15-19 October and 25-29 October, 1999) in Bay of Bengal was emphasized by Subrahmanyam et al. (2005) . It is interesting to see that the eddy feedback factor estimated from Uh and eddy size (300 km) (from Fig. 15 ; Wu et al. 2007 ) is about 0.4, which is close to the above estimates [0.43-observed (Eq. 1); 0.34-estimated (Eq. 2)] (Table 3) . It may be mentioned here that the observed F eddy in case of Opal, 1995 and Maemi, 2003 were 1.19 and 1.38 while they were underestimated (0.5 and 0.93) by the model (Wu et al. 2007 ). Even though the Eq. 2 was developed for North Pacific Ocean under different oceanic and atmospheric conditions, it appears to be useful to apply for Bay of Bengal, where absolutely no study of this kind is available so far.
By examining the few eddies (ACE/CE) for different periods in Bay of Bengal, it is observed that both D26 and UOHC are almost 3 times higher in ACE than in CE ( Fig. 1 ; Table 1 ). This large variability in the above quantities plays an important role in the intensification/weakening of the storms, in addition to the atmospheric parameters. The warm ACE with high UOHC is expected to provide large enthalpy flux (latent ? sensible), which helps to enhance the storm's intensification. In case of ''Aila'' which encountered with a warm ACE4 in the north Bay of Bengal during 24-25 May 2009, the central pressure dropped from 984 hPa to 974 hPa and the sustainable winds reached 20-27 m/s (Figs. 2, 3) . SST is about 30 o C outside the eddy and 31 o C inside the eddy (Fig. 4) . The intensity of Aila enhanced by 43% due to its interaction with the warm core ACE. The best fit Eq. (2), which is based on several numerical experiments for Pacific Ocean (Wu et al. 2007) , showed the feedback factor of 34% which is close to the observed (43%) from central pressures (from Eq. 1). From our earlier method (Sadhuram et al. 2006) , UOHC and D26 in ACE4 are estimated as 149 kj/cm 2 and 126 m (about 300% higher than the climatological value) respectively which are well comparable with those found in ACE3 from Argo data ( Fig. 2c ; Table 2 ) and in ACE1 ( Fig. 1; Table 1 ) during May 1996. Intensification of Nargis due to high UOHC and enthalpy flux was reported earlier (McPhaden et al. 2009; Lin et al. 2009a, b) . The mixed layer inside the eddy and outside the ambient relative humidity appears to play major role in the intensity of cyclone besides Uh and stratification below mixed layer. If Uh is less then the eddy, feedback factor will be high. For slow moving storms (Uh = 2-3 m/sec), high UOHC of 115-125 kj/cm 2 is required for the storm to intensify (Lin et al. 2009a) . UOHC is quite high in ACE4 than the above value, and hence, it is expected to oppose the cooling induced by the storm and support intensification through the supply of sufficient enthalpy flux. Thus, though UOHC is not directly seen in the Eq. (2), its influence on Uh determines the intensification of the storm. It may be mentioned here that the vertical wind shear of horizontal winds is uniform (10-15 knots) along the track and decreased just few hours before landfall. Wu et al. (2007) from the numerical experiments found that the storm intensified from 978 hPa to 960 hPa in 2 days in the eddy experiment while the intensification was only 3 hPa in the experiment without eddy. Hence, it may be inferred that without the presence of this eddy the storm ''Aila'' would not have been intensified in this region. The warm deep layer (D26 = 126 m) and high UOHC (149 kj/cm 2 ) in ACE4 can strongly oppose the cooling due to storm interaction and entrainment of waters below thermocline, can provide high enthalpy flux for the intensification of storm. High enthalpy flux (900 w/m 2 ; 300% higher than climatological value) and high UOHC (77-105 kj/cm 2 ) helped sudden intensification of Nargis over a warm oceanic region (Lin et al. 2009b) .
Conclusions
It is inferred that both UOHC and D26 in ACE are 3 times higher than in CE in the Bay of Bengal. The severe cyclone ''Aila'' on 24 May 2009 intensified due to the warm core ACE4 in the north Bay of Bengal. The estimated eddy feedback factor (0.34) from Eq. 2 is close to the observed (0.43) even though it is based on the numerical experiments done for Pacific Ocean. F eddy estimated ( Fig. 15 ; Wu et al. 2007 ) from the eddy size (300 km) and translation speed (Uh = 4.0 m/s) is about 0.4 and close to the above. For slow (fast) moving storms, high (low) UOHC is required for the intensification (Lin et al. 2009a; Sadhuram et al. 2010) . The UOHC and D26 are 149 kj/cm 2 and 126 m, respectively, in ACE4 where the intensification of Aila took place over north Bay of Bengal. The high UOHC and deeper warm layer resist the storm induced cooling and provide sufficient enthalpy flux for the intensification of a storm. Hence, only warm SST without deeper warm layer (MLD/D26) the storm may not intensify. The present models (Sujatha and Mohanthy 2008; Kotal et al. 2008 ) and of IMD to forecast the intensity and track of cyclones over Bay of Bengal do not consider the UOHC or the meso scale eddies. It is suggested that the modellers may try to incorporate these to achieve better results as in Pacific Ocean. Further studies in this direction are very much desirable to confirm the results.
